Methods
In addition to a review of our own experience, we performed a PubMed search using the terms "cavernoma," "cavernous angioma," "cavernous hemangioma," "cavernous malformation," "brainstem," "transpetrosal," "petrosal," "Kawase," "retrolabyrinthine," "presigmoid," "transcrusal," "translabyrinthine," "transotic," and "transcochlear." References within afforded articles were perused and were included if applicable. We included studies in our analysis that provided outcomes for patients with brainstem CMs specifically treated via a petrosal approach. Including our own experience, we noted patient age, sex, symptoms at presentation, approach used, results of resection, and complications.
A summary of our classification of petrosal approaches is provided in Table 1 . The term "petrosal" is intentionally appended to each extended posterior approach. This distinguishes them from smaller infratentorial approaches using partial or complete labyrinthectomy (traditional translabyrinthine route) without sectioning the superior petrosal sinus and mobilizing a skeletonized sigmoid sinus. 14 It is crucial to emphasize that these maneuvers are distinguishing features of the posterior petrosal approach that allow for the realization of the expansive, combined supra-and infratentorial exposure that it can provide.
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Results
Incorporating our own results (with 2 cases not published in the literature), we found 65 cases of brainstem CMs resected via a petrosal approach in 20 reports. 1, 5, 7, 12, 13, 21, 25, 27, 30, 32, 36, 39, 40, 42, 44, 46, 48, 50, 51, 53 The specific approaches were posterior petrosal in 37 cases (57%), anterior petrosal in 17 (26%), extended posterior petrosal in 10 (15%), and a combined petrosal approach in 1 (2%) ( Table 1) . Extended posterior petrosal approaches included the transcrusal approach (partial labyrinthectomy) in 5 cases (8%), petrosal translabyrinthine approach in 4 (6%), and the petrosal transcochlear approach in 1 case (2%).
Individualized patient background information and outcomes were provided for 50 patients in 16 reports, comprising the remainder of our analysis. These 50 cases are summarized in Tables 2-4 , stratified by surgical approach. Overall, the mean patient age was 40.2 years, and 34 (68%) of 50 patients were female. Two patients were younger than 18 years. All CMs were pontine except one, which was mesencephalic. All but 1 patient presented with a combination of cranial nerve deficits, motor deficits, and/or sensory deficits. Across 14 studies providing details of CM removal, 37 (90%) of 41 CMs were completely resected. Across 13 reports, the status of 23 (61%) of 38 patients was reported as improved at last follow-up. Overall, early morbidity, inclusive of worsening cranial deficits, worsening motor strength, wound infections, and CSF leaks, was reported in 15 cases (30%). Specifically, the rate of CSF leakage was 6%. Permanent morbidity was seen in 7 cases (14%). As we illustrate in the following stratified analysis, more cases with early and permanent morbidity were treated with extended petrosal approaches, resulting in facial weakness, hearing loss, and higher rates of CSF leaks.
Anterior Petrosal Approach
Background information and results for 17 patients treated with anterior petrosal approaches in 8 studies are provided in Table 2 . Fourteen CMs in 7 of 8 studies were resected via the traditional Kawase approach, 31 whereas the 3 CMs described by Steiger et al. 50 were approached after an intradural anterior petrosectomy. In 1 challenging case in the latter study, only a partial resection was achieved with a concomitant loss of hearing. The other 2 cases were improved at follow-up with complete resection of their CM.
Overall, complete CM resection was reported in 13 (81%) of 16 cases, with hearing loss reported in 2 (12%). At follow-up, 14 (82%) of 17 patients were improved and 1 additional patient who presented neurologically intact remained so. Thus, excellent outcomes were achieved in 15 (88%) of 17 cases, and permanent morbidity, in the form of hearing loss, was seen in 2 cases (12%).
Posterior Petrosal Approach
Our literature search found that the hearing-preserving, posterior petrosal retrolabyrinthine approach was the most common petrosal approach used in the treatment of brainstem CMs. Table 3 provides details obtained in 27 patients from 7 reports. Resection was complete in 96%. Hearing loss was reported in only 2 patients (7%) and was permanent in only 1 (4%).
Overall, transient complications were seen in 7 (26%) of 27 cases, including temporary worsening of cranial deficits in 3 (11%), CSF leakage in 2 (7%), temporary worsening of a motor deficit in 1 (4%), and wound infection in 1 (4%). When reported, improvement at follow-up was seen in 9 (60%) of 15 cases, while permanent morbidity/worsening was reported in 1 (4%) of 27 cases.
Extended Posterior Petrosal Approaches
Although 10 of 65 cases in our reviewed series were treated with extended posterior petrosal approaches, detailed information was only available for 6 (5 treated with the addition of a partial labyrinthectomy [transcrusal] and 1 treated with the addition of a complete labyrinthectomy). 7, 48, 53 We have grouped these approaches because they all pose a significant threat (transcrusal/partial labyrinthectomy) or permanently sacrifice hearing (labyrinthectomy). Indeed, 3 of 5 patients in whom the transcrusal approach was used had hearing loss after surgery (Table 4) . Of the 6 cases reviewed, all but 1 patient suffered either early or permanent complications. Two of 6 patients had postoperative CSF leaks, and new facial nerve palsy was also reported in 2 patients.
Discussion
Petrosal approaches play a crucial role in the management of complex cerebrovascular lesions. 9, 46 At the same time that these approaches were being popularized in the late 1980s, 3, 43 surgical series of brainstem CMs began to accrue. 45, 52 Results from these series were encouraging, although complete CM resection was not always * ant = anterior; lab = labyrinthectomy; petro = petrosectomy; pst = posterior; SS = sigmoid sinus; sup = superior. † We intentionally distinguish approaches such as the traditional infratentorial translabyrinthine approach from the "petrosal translabyrinthine" approach. The latter specifically implicates an expanded, combined supratentorial-infratentorial exposure afforded by sectioning the superior petrosal sinus and tentorium and mobilizing a skeletonized sigmoid sinus. ‡ Older studies referred to all petrosal approaches as "combined" given the combined supratentorial-infratentorial exposure they afford. 49 Modern reports use the term "combined" to refer to a combination of anterior and posterior petrosal approaches, typically in an effort to maximize bone resection but preserve hearing. 8, 11, 17 achieved. To provide a more expansive exposure of the brainstem and potentially improve the ability to completely resect larger CMs, petrosal approaches were applied to brainstem CMs, as initially described in 1992 by Spetzler et al. 49 These applications continue in the most modern series of brainstem CMs 13, 21, 27 and have also been extended to a broad range of cerebrovascular lesions, including large basilar trunk aneurysms, 4,9,46 arteriovenous malformations, 28, 49 and dural arteriovenous fistulas. 10, 26, 35 Although some are skeptical of petrosal approaches to brainstem CMs, 5 the ventral exposure that these routes provide cannot be paralleled by the retrosigmoid approach or its combination with a subtemporal approach. Much of the skepticism stems from concerns of greater rates of postoperative complications including cranial nerve deficits and CSF leaks. As we demonstrate, this may be the case for more extensive posterior petrosal approaches, but the traditional anterior petrosal and posterior petrosal retrolabyrinthine approaches have lower complication rates comparable with those of other approaches. This may be confounded in part by relatively smaller CMs being managed using less extensive approaches. However, as we demonstrate, much of the morbidity after the extended petrosal approaches is in the form of facial weakness, hearing loss, and/or CSF leakage (approach related).
In a recent comprehensive review of the literature incorporating 52 surgical series and 821 brainstem CMs, early postoperative morbidity was reported to range from 29% to 67%, with permanent worsening in 14% of the cases. 15 This does not significantly differ from our overall findings in 50 cases treated via petrosal approaches: there was a 30% early morbidity rate and 14% permanent morbidity rate. Importantly, these rates decreased to 12% each for the Kawase approach 31 and to 25% and 4% for the standard posterior petrosal retrolabyrinthine approach, respectively. These results reinforce both the feasibility and safety of these approaches in experienced hands. A comparison with results for more extensive posterior petrosal approaches illustrates an already-known maxim: extended approaches are accompanied by higher rates of CSF leakage and cranial nerve morbidity. Not surprisingly, in the evolution of petrosal approaches to brainstem CMs, the authors of most modern series have described the application of the standard anterior or posterior petrosal approaches to these lesions, 13, 21, 27 avoiding extended approaches to balance morbidity and adequate exposure.
The modern posterior petrosal approach, originally described by Al-Mefty et al., 3 has met with considerable success in the treatment of a wide variety of skull base lesions. 8, 17, 32, 33 Following a temporooccipital craniotomy, a mastoidectomy is performed, and meticulous drilling of the lateral petrous bone is performed to skeletonize the semicircular canals. Importantly, the sigmoid sinus should also be skeletonized over a generous segment. This is crucial in allowing for the sinus to be mobilized after dividing the tentorium and superior petrosal sinus. It is this maneuver that allows for a wide, ventral, supraand infratentorial exposure, providing a shorter, more direct line of attack to ventral pontine lesions such as CMs. Importantly, the temporal lobe and dural venous sinuses are retracted as one unit, mitigating the risk to the vein of Labbé, as they are retracted separately in combined subtemporal-retrosigmoid approaches. 33 Working around and preserving important associated DVAs is more feasible. As illustrated in the report of Kashimura et al., 30 as innovative imaging modalities allow for the demonstration of white matter tracts, the location of their displacement can help dictate the best approach to the lesion. In the case they present, the white matter tract displacement helped dictate a preferable posterior petrosal approach to the lesion. They successfully resected the CM using this approach without complication. 30 The anterior petrosal approach has also been applied with considerable success in the resection of brainstem CMs ( Fig. 1 and Video 1) . 13, 36 VIdeo 1. Video documenting the anterior petrosal approach to a brainstem CM. Click here to view with Media Player. Click here to view with Quicktime.
A logical inferior extension to the traditional middle fossa approach, the added exposure allows for safer resection of pontine CMs with less temporal lobe retraction. To keep temporal lobe retraction to a minimum and to facilitate preservation of the vein of Labbé, we prefer to perform the petrous apicectomy extradurally. More expansive pontine CMs can be approached by combined petrosal approaches that preserve hearing. We believe that this combined approach provides adequate exposure to essentially any brainstem CM, mitigating the need for more extensive posterior petrosal approaches that add further risks of postoperative complications and hearing loss. Indeed, although quite applicable to large neoplastic lesions in patients without serviceable hearing, we do not endorse applying the more extensive petrosal approaches to brainstem CMs. Although some authors consider the transcrusal approach as "hearing preserving," surgical series detail hearing preservation rates of 58%-81%.
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Although we found only 5 cases treated with this approach, 3 had postoperative hearing loss and 2 had postoperative CSF leaks.
Conclusions
We demonstrate the feasibility, safety, and rewarding results afforded by petrosal approaches to brainstem CM. To minimize postoperative morbidity, we endorse an anterior petrosal Kawase approach 31 for ventral mid-to upper pontine lesions and a posterior petrosal, retrolabyrinthine approach for lower ventral pontine CM. Expansive lesions requiring added exposure can be treated with a combined anterior-posterior petrosal approach.
Disclosure Fig. 1 . This 54-year-old male presented with debilitating ataxia, oscillopsia, and hypophonia after 2 hemorrhages from a pontine CM. Axial (A) and sagittal (B) T1-weighted MRI scans obtained after Gd administration demonstrating a large pontine CM with an associated DVA (A; arrow). An anterior petrosal approach was performed (C, view of brainstem), the CM was resected, and the DVA was preserved (D [arrow denotes DVA]). Postoperative CT scan demonstrating the petrous apicectomy (E, arrow), and postoperative T1-weighted MRI scan obtained after Gd administration revealing complete resection of the CM with preservation of the DVA (F, arrow). The patient improved early postoperatively and was ambulating independently at follow-up.
